necrosis, and inflammation among individual patients. Current noninvasive methods for diagnosing and monitoring liver disease in dogs include evaluation of liver enzyme activities, indirect markers of liver function found on biochemical panels, liver function tests (eg, serum bile acid and blood ammonia concentrations), and ultrasonography of the liver. However, none of these tests is sensitive for liver fibrosis, and only serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities are used as surrogates of necroinflammatory changes in the liver. Response to treatment for CH ideally is monitored by serial liver biopsy, but biopsy is invasive and can be cost-prohibitive for many clients. Therefore, additional noninvasive biomarkers are needed to help characterize the extent of liver fibrosis or necroinflammatory activity in dogs with liver disease, because these are 2 key targets of therapeutic intervention.
In human patients, several serum biomarkers have been correlated with fibrosis and necroinflammatory activity on liver histopathology. For example, serum interleukin 6 (IL-6) was significantly correlated with the extent of hepatic fibrosis in non-alcoholic steatohepatitis, 1,2 and a normal serum IL-6 concentration was highly specific in ruling out an inflammatory component to this disease. 3 Chemokine ligand 2 (CCL2; also called monocyte chemoattractant protein 1 or MCP-1) is thought to contribute to progression of both hepatic inflammation and fibrosis in human patients, 4 and serum CCL2 concentrations were significantly higher in patients with histologically severe alcoholic liver disease. 5, 6 Serum concentrations of C-reactive protein (CRP), an acute phase protein synthesized by hepatocytes, were significantly higher in patients with cirrhosis compared to patients with hepatitis without cirrhosis. 7, 8 Finally, the ratio of AST:ALT activities, determined from routine biochemical panels, has been used to distinguish between mild fibrosis and severe fibrosis (cirrhosis) in human patients. 9 Specifically, an AST:ALT ratio > 1 was a significant predictor of liver fibrosis in both non-alcoholic steatohepatitis and hepatitis C, with high specificity for severe fibrosis or cirrhosis. [10] [11] [12] Interleukin 6 has been evaluated in 2 published studies of dogs with liver disease. Serum IL-6 was higher in dogs with both acute and CH, and in dogs with congenital portosystemic shunts (PSS), compared to healthy dogs, 13, 14 but, these studies were not designed to evaluate associations with fibrosis. C-reactive protein also has been evaluated in dogs with PSS, 15 but had not been evaluated in dogs with inflammatory liver disease at the time of our study design. Serum CCL2 concentrations and AST:ALT ratios have not been reported in dogs with liver disease.
The aim of our study was to determine whether increases in serum IL-6, CCL2, CRP, or the AST:ALT ratio were associated with the presence of moderate to severe fibrosis or necroinflammatory activity in dogs with liver disease of various types. The overall goal was to provide additional noninvasive markers of histologic disease activity that might be useful in characterizing disease severity and monitoring response to therapy in dogs with chronic liver diseases. 
| M A TE RI A L S A ND M E TH ODS

| Enrollment criteria
| Study interventions
A prospective, cross-sectional observational study design was used.
Data collected at the time of recruitment included age, breed, sex, body weight, and BCS. Pet dogs had a standard diagnostic evaluation performed before liver biopsy, including a CBC, serum biochemical panel (within 1 week before biopsy; all dogs were clinically stable), coagulation profile, and abdominal ultrasound examination. In addition, 6 mL of blood during fasting was collected within 1 week before biopsy, placed on ice, and centrifuged to harvest serum, which was stored in aliquots at 2808 for measurement of canine IL-6, CCL-2, and CRP. In most enrolled dogs, a fasting blood ammonia concentration also was obtained at the same venipuncture. The study protocol was approved and conducted in accordance with the University of Wisconsin Animal Care and Use Committee. Informed consent was provided by all dog owners before enrollment in the study.
| Liver biopsy procedures
All liver biopsies were performed by laparoscopy or surgical laparotomy. At minimum, 3 liver samples 5 mm in diameter were obtained for histopathology for each dog, including both right and left liver lobes. 16 Liver biopsy specimens were submitted for routine histopathologic examination at each institution for the purposes of clinical management, along with copper staining and quantitative copper concentrations in most cases. For the purposes of clinical diagnosis, copper-associated hepatitis was defined as inflammatory liver disease in the face of either hepatic copper concentrations > 800 ppm 17 or at least moderate centrilobular copper staining on routine histopathology.
In addition to clinical evaluation, recuts of each biopsy sample were sent to a single board-certified veterinary pathologist (J. Cullen)
at North Carolina State University for evaluation using a standardized METAVIR scoring system (developed by a French study group tasked with a meta-analysis of histologic data in viral hepatitis). This system is used to score liver fibrosis and necroinflammatory activity in human patients (Table 1) . 18 Scoring of these samples was masked to signalment, clinical presentation, and initial histopathologic assessment.
| Biomarker assays
Serum IL-6 was measured using a commercially available canine Minneapolis, MN ELISA (Quantikine Canine IL-6 immunoassay, R&D Systems), with a limit of detection (LOD) of 1.5 pg/mL. This assay has been fully validated in dogs. 19 Serum CCL2 also was measured with a commercial canine ELISA (Quantikine Canine CCL2/MCP-1 ELISA, R&D Systems; LOD of 1.4 pg/mL), as previously reported in dogs. [20] [21] [22] Finally, serum CRP was measured with a canine ELISA (Canine C-Reactive Protein ELISA Kit, BD Biosciences, San Jose, CA) using a serum dilution of 1 : 500 and a LOD 0.015 lg/mL, as previously validated by our laboratory. 23 A total of 3 batch runs was performed for each assay over the course of the study, with a mix of diagnoses in each batch. The 10 healthy dog samples were run in the same (first) batch with samples from a group of dogs with liver disease. Samples were run in duplicate with concurrent standard curves using kit-provided canine standards.
All assay absorbances were blanked for kit buffer alone. The 3 biomarkers were stable in canine sera spiked with kit standards over 3 freeze-thaw cycles. Samples under the LOD for IL-6, CCL2 and CRP were encoded as 1.4 pg/mL, 1.3 pg/mL, and 0.014 lg/mL, respectively.
| Statistical analysis
For the purposes of this study, low fibrosis was defined as a METAVIR score of F0-F1, whereas high fibrosis was defined as a score of F2-F4.
Inactive necroinflammatory activity was defined as a METAVIR score of A0, whereas active necroinflammatory activity was defined as a score of A1-A3. Serum concentrations of IL-6, CCL2, and CRP, as well as serum AST:ALT ratios, were compared between dog groups based on score categories for fibrosis and necroinflammatory activity using
Mann-Whitney U tests, with P < .05. Correlations between potential biomarkers and 2 functional biochemical variables, serum albumin and blood ammonia concentrations, were performed using a Spearman's rank correlation coefficient. These comparisons were planned based on previous findings of increased CRP in dogs with PSS with hepatic encephalopathy compared to dogs with PSS without encephalopathy, 15 and higher serum IL-6 concentrations in dogs with PSS (not stratified by encephalopathy status).
14 Sample size calculations were based primarily on biomarker studies in human patients with non-alcoholic steatohepatitis (both fibrosis and inflammation) compared to simple steatosis (no fibrosis or inflammation). For sample size calculations, IL-6 comparisons were considered the primary aim, and a sample size of 14 dogs in each of 2 activity groups was predicted to provide 80% power to detect differences in serum IL-6 that have been reported in human patients. 2 For CCL2, a sample size of 25 dogs in each group was predicted to provide similar power to detect differences in serum CCL2 found in human patients with and without steatohepatitis. 6 For CRP, 36 patients in each group were needed to detect differences in CRP seen between patients with active or inactive hepatic inflammatory scores. 24 Finally, for the AST:ALT ratio, 11 dogs in each group were needed to distinguish between low and high fibrosis categories. 
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| Histopathology scores
All liver biopsy samples from the 44 dogs with liver disease and 10 healthy purpose-bred hounds were scored using METAVIR criteria (Table 3 ). The most common fibrosis score in clinically affected dogs was F0, followed by F2; the most common necroinflammatory activity score was A0, followed by A1 (Table 3 ). The distributions of METAVIR scores by clinical histopathologic diagnosis categories in the 44 dogs with liver disease also are shown in Table 3 .
| Biomarker data
Serum IL-6 in the 10 healthy dogs ranged from 3.3 to 38.8 pg/mL, with a median of 6.9 pg/mL. This finding is comparable to IL-6 concentrations reported recently in healthy dogs using the same assay (mean, 3.0 pg/mL). 25 In our study population, the highest IL-6 concentration was found, unexpectedly, in a single healthy dog with a mildly abnormal fibrosis score (F1; Table 3 ).
Additional diagnostic evaluation was not available. In dogs overall, median serum IL-6 was apparently increased in dogs with high fibrosis scores (15.5 pg/mL; range, 1.4 to 235 pg/mL) compared to dogs with low fibrosis scores (7.6 pg/mL; range, 1.4 to 148.1 pg/mL) but this was just below the threshold for significance (P 5 .05), and there was sub- Serum CCL2 in the healthy dogs ranged from 191 to 489 pg/mL, with a median of 320 pg/mL. This finding is comparable to serum CCL2 concentrations reported in healthy control dogs using the same and different assays (medians of 287 and 295 pg/mL, respectively). 22, 28 In our population overall, serum CCL2 concentrations did not differ significantly by fibrosis scores (P 5 .31, Figure 2A ). Median serum CCL2
concentrations were significantly higher in dogs with evidence of active necroinflammation (444 pg/mL; range, 144 to 896 pg/mL) compared to dogs without detectable necroinflammation (326 pg/mL; range, 59-1692 pg/mL; P 5 .008), but there was substantial overlap between groups ( Figure 2B ). One extreme outlier for CCL2 concentration (1692 pg/mL) in the A0 group had VH; but this dog did not have discernible extra-hepatic disease at the time of biopsy, a more comprehensive medical history was not available before referral. Serum CCL2 did not correlate significantly with either blood ammonia (P 5 .25) or serum albumin (P 5 .77) concentrations.
Serum CRP in the 10 purpose-bred healthy dogs ranged from 2.0 to 7.2 lg/mL (median, 2.3 lg/mL), which is comparable to results obtained by other groups using a variety of canine CRP assays.
15,28-31
The CRP concentrations did not differ significantly between dogs based on fibrosis scores (P 5 .82, Figure 3A ). Median serum CRP concentrations were somewhat higher in dogs with active (A1-A3) necroinflammatory activity scores (CRP, 7.8 lg/mL; range, 0.014-44.4 lg/mL) compared to dogs with low necroinflammatory activity (CRP, 4.3 lg/mL; range, 0.014-28.5 lg/mL), but there was substantial overlap between groups and this finding did not reach significance (P 5 .094; Figure 3B ). Serum CRP did not correlate significantly with blood ammonia or serum albumin concentrations.
Finally, the ratio of serum AST:ALT activities did not differ between dogs based on liver fibrosis (P 5 .21) or necroinflammatory scores (P 5 .85; Figure 4A ,B), and only 2 dogs had ratios > 1 (the threshold used to detect fibrosis in humans). [10] [11] [12] Because assay methods can differ between sites, we also analyzed the AST:ALT ratios separately in dogs with liver disease from Wisconsin and from Colorado, but still found no increases in this ratio with advancing histologic severity (data not shown). Surprisingly, serum ALT activity was not significantly overlap between groups, and significance was borderline. This apparent 2-fold difference parallels that reported in human patients with CH or non-alcoholic steatohepatitis similarly categorized by METAVIR fibrosis scores. 1, 32 In a recent study in dogs, serum IL-6 was higher in those with mild to moderate CH compared to healthy controls, although dogs
were not sub-categorized by fibrosis. 13 In addition, serum IL-6 concentrations were even higher by approximately 100 pg/mL) in dogs with acute hepatitis. 13 Interleukin 6 is part of the acute phase inflammatory response and is produced by activated monocytes, macrophages, antigen-presenting cells, and Kupffer cells, as well as by fibroblasts and endothelial cells. 33, 34 However, IL-6 can have either both proinflammatory or anti-inflammatory properties depending on the signaling cascade. 35 Interleukin 6 plays an important role in hepatocyte recovery after liver injury, 34 but also may promote stellate cell proliferation, leading to liver fibrosis. 36 Based on our results, a single serum IL-6 measurement cannot reliably identify a dog with more advanced hepatic fibrosis. However, serum IL-6 might have utility in monitoring disease progression and response to therapy in individual dogs, and this should be further evaluated in a longitudinal study design.
We found that median serum CCL2 concentrations were significantly higher (by approximately 100 pg/mL) in dogs with detectable necroinflammatory activity (A1-A3) on liver biopsy, albeit with substantial overlap between groups. This finding is consistent with increases in serum CCL2 found in human patients with alcoholic hepatitis compared to patients with non-or mildly inflammatory liver disease. 5, 6 The chemokine CCL2 is secreted by Kupffer cells, injured hepatocytes, and activated hepatic stellate cells, and leads to monocyte recruitment, macrophage activation, progressive inflammation, and fibrogenesis during liver injury. 37, 38 It has not been studied previously in dogs with liver disease, but CCL2 production by canine hepatocytes was inhibited in vitro by the commercially available liver protectant, silybin. 39 Increased serum CCL2 concentrations also have been found in critically ill dogs, 20 and in those with lymphoma, histiocytic sarcoma, pulmonary fibrosis, congestive heart failure, and immune-mediated hemolytic anemia. 22, 27, 28, 40, 41 Thus, this marker is not specific to dogs with primary liver disease. Based on our data, individual measurements of serum CCL2 cannot be used as a reliable marker of necroinflammatory activity in dogs with clinical evidence of liver disease. However, because CCL2 may play a direct role in liver pathology, 37, 38 it may have some value in monitoring individual dogs with uncomplicated liver disease over time.
This hypothesis should be explored further in a longitudinal study.
In contrast to IL-6 and CCL2, serum CRP did not differ significantly between dogs based on fibrosis or necroinflammatory scores. However, our study was underpowered to detect the approximately 50% increase in serum CRP found in human patients with steatohepatitis versus steatosis. 24 In addition, there was substantial variability in serum CRP among the dogs in our study, which may have been a result of heterogeneity in the types of liver disease, as well as accompanying inflammatory disease, such as pancreatitis or inflammatory bowel disease. A post hoc sample size calculation predicted that 91 dogs in each group (A0 and A1-A3) would have been needed to demonstrate that any observed differences in serum CRP were significant ( Figure 3B ).
Serum CRP has been evaluated in dogs with congenital PSS, and was higher in dogs with hepatic encephalopathy compared to dogs with PSS without encephalopathy. 15 In our study, serum CRP concentrations were not correlated with blood ammonia concentrations, but we had only 2 dogs with detectable macroscopic shunting, and only 4 of 30 dogs tested had blood ammonia concentrations > 60 lmol/L.
Serum CRP also did not distinguish among dogs based on liver histopathologic findings. Since our research was conducted, a study of serum C-reactive protein should be evaluated as a possible tool for longitudinal monitoring in individual dogs with chronic hepatopathies without comorbidities.
The serum AST:ALT ratio did not perform well to predict fibrosis or necroinflammatory liver disease in dogs. In humans, an AST:ALT ratio > 1 is a significant predictor of hepatic fibrosis. [9] [10] [11] [12] In contrast, the subset of dogs in our study with the highest AST:ALT ratios (> 0.5; Figure 4 ) included all 10 of the healthy dogs and only 1 dog in the F2-F4 fibrosis group. The reasons for these differences between species
are not clear, but could result from unexplored differences in AST dynamics between humans and dogs.
Additional biomarkers of liver fibrosis have been evaluated previously in dogs. Serum concentrations of hyaluronic acid, which is produced by hepatic stellate cells, were significantly increased in dogs with cirrhosis, with only modest overlap in dogs without cirrhosis or with non-hepatic diseases. 46 In another study, serum hyaluronic acid concentrations were distinctly higher in dogs with stage 4 fibrosis, although statistical comparisons were not made. 47 The same research group also reported significantly higher serum concentrations of type III procollagen aminopeptide (PIIINP) and a fragment of type IV collagen (PIVNP) in dogs with advanced liver fibrosis. 48, 49 However, these findings for hyaluronic acid and PIIINP could not be replicated in another study. 50 Two recent studies explored hepatocyte-derived micro-RNAs as markers of liver injury in Labrador retrievers at risk for CH, and found that circulating miR-122 was more sensitive than ALT in detecting histologic evidence of this breed-specific hepatopathy. 51, 52 Whether or not this finding will apply to other dog breeds with chronic inflammatory liver diseases remains to be determined.
A key limitation of our findings was the substantial overlap in concentrations of IL-6, CCL2, and CRP between dogs grouped by necroinflammatory or fibrosis scores. Overlap between affected and unaffected animals also has been reported for these and other biomarkers in dogs with liver disease, including IL-6, CRP, interleukin 8, tumor necrosis factor alpha, hyaluronic acid, and PIIINP. 14, 15, 42, 50 The overlap observed in our study may have been due, in part, to heterogeneity in the types of liver diseases that we included. Because of this possibility, we also analyzed our data in the subset of dogs (n 5 25)
with chronic hepatitis (CH) or copper-associated hepatitis (COPP), but did not find significant differences in the proposed biomarkers by fibrosis or necroinflammatory activity (data not shown). However, sample size was underpowered for these sub-analyses, and studying a larger number of dogs with COPP or CH is an important next step.
Our study, as well as previously reported studies of liver bio- 31, 54, 55 Most dogs in our study had BCS of 4-6, with only 1 dog scoring > 7, so obesity was an unlikely cofounder in our study population.
Another potential limitation to our study was the delay of up to 1 week between serum sampling and liver biopsy in some dogs. This was a practical constraint, because typically dogs were evaluated for liver biopsy several days before the procedure was scheduled. However, this was a short time interval given that all dogs were clinically stable between blood collection and biopsy. In addition, because ours was an exploratory study, we did not adjust P values for multiple comparisons, and this could have led to false-positive results.
The METAVIR liver scoring system has not been validated across veterinary pathologists. A recent study of blinded assessment of liver fibrosis or necroinflammatory activity showed fair to poor agreement among 6 board-certified pathologists, which is concerning. 56 However, diagnostic biopsy samples typically are read by a single pathologist and then are used to make clinical decisions. In our study, we did observe a reasonable association between clinical histopathologic diagnoses across multiple veterinary anatomic pathologists at the University of Wisconsin and Colorado State University, and METAVIR scoring by a single pathologist (J. Cullen) at North Carolina State University (Table 3) .
Disparity in assessment among pathologists, however, remains a concern for any liver biomarker study.
In summary, we found increased serum IL-6 in dogs with high hepatic fibrosis scores and significantly increased serum CCL2 in dogs with detectable necroinflammatory activity on liver biopsy. There was considerable overlap between groups, and these markers are not likely to be useful in predicting severity of fibrotic or necroinflammatory changes in individual dogs. However, each of these biomarkers merits further study to determine its usefulness in monitoring clinical response to supportive treatments over time in dogs with CH, COPP, and other chronic hepatobiliary diseases.
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